This study sought to determine whether oral tolerance to ovalbumin (OVA), responsible for food allergy, is affected by different amounts of protein intake. For this, 6-wkold BALB/c mice were fed with low protein (5%, LP), normal protein (20%, NP) and high protein (40%, HP) diets, orally given either OVA (OVA-fed) or water (Water-fed) for 4 d, and then immunized intraperitoneally twice at a 3-wk interval with alum-precipitated OVA. After the last immunization, sera were collected to measure total and OVA-specific IgE by enzyme assay (ELISA). Splenocytes were cultured and stimulated with concanavalin A (Con A), lipopolysaccharide (LPS) or OVA and assayed for 3 H-thymidine incorporation. The culture supernatants from their splenocytes stimulated with OVA were analyzed for interleukin (IL)-4, interferon (IFN)-␥ , and IL-12. Total IgE was significantly higher in OVA-fed HP groups as compared to NP and LP groups ( p Ͻ 0.05). The highest and the lowest OVA-specific IgE were observed in HP and LP diet groups, respectively ( p Ͻ 0.05). OVA-fed mice receiving the LP diet demonstrated significantly lower IL-4 as compared to the other two groups ( p Ͻ 0.05), while IFN-␥ was significantly higher in the LP compared to the HP group ( p Ͻ 0.05). Levels of IL-12 did not differ among the OVA-fed groups. Splenocytes of OVA-fed mice kept on the LP and HP diet showed significant impairment of proliferation to OVA as compared to the NP group ( p Ͻ 0.01). Proliferation against Con A was impaired in the LP group compared to the NP group ( p Ͻ 0.05) but not in Water-fed groups. However, it was higher against LPS in the HP than the LP group ( p Ͻ 0.05) both in Water-fed and OVA-fed animals. All these findings indicate that established oral tolerance to OVA is clearly affected by the amount of protein diet. They support the suggestion that dietary protein plays an important role(s) in IgE-mediated food allergies.
Oral tolerance is defined as an inhibition of specific immune responsiveness to subsequent parenteral injection of a protein to which an individual or animal has been previously exposed via the oral route. This has been considered as a possible therapeutic approach to manage adverse immune functions such as autoimmune diseases and allergies including food allergies (1) (2) (3) (4) . In fact, the gastrointestinal mucosa are equipped as a physiologic pathway of systemic immune tolerance against dietary food antigens to prevent undesirable immune responses ( 5 , 6 ) .
Immune response can be suppressed by a single or multiple antigen feeds to inhibit subsequent IgM, IgG and IgE antibody response, and cell-mediated immune (CMI) response as well ( 5 ) . Although antibody responses to soluble antigens are generally more difficult to suppress than CMI, IgE response seems to deviate from this rule, being remarkably susceptible to induction of oral tolerance. Nevertheless, it is interesting to note that all these immune responses are frequently implicated in human food hypersensitivity diseases.
Immune regulation by the induction of oral tolerance to food antigens is thought to prevent food allergy ( 7 ) . Food allergy and food intolerance seem to be more frequent than ever. In adults, food intolerance occurs in around 1-2% of the population and only a small proportion of this number is truly allergic to food ( 8 ) . In children, the incidence of food intolerance is estimated at 5-7%, while the prevalence of IgE-mediated food allergy is reported to be about 1-2% ( 8 ) . Food allergy indicates an increasing tendency even in a developing country ( 9 ) . Meanwhile, nutritional status appears to be one of the influential factors for increased allergic reactions, judging from the rarity of allergic diseases before World War II and their frequent consideration as a social problem caused by changes of life and dietary habits in the past few decades ( 10 , 11 ) . Protein-energy malnutrition is a serious health problem in developing countries where the prevalence of allergies is lower than in developed countries (12) (13) (14) . Both insufficient and excess protein feeding may exert adverse food effects. There are only a few reports focusing on the effect of nutritional status on oral tolerance to food antigens ( 14 ) . We have previously reported the effect of protein restriction on oral tolerance ( 15, 16 ) . Although there is a report on the effect of moderate (10%) and high (40%) protein diets on IgE response in animals without induction of tolerance ( 17 ) , there are no reports addressing the effect of high dietary protein on the induction of oral tolerance. The objective of this study was, therefore, to peruse the effects of low and high dietary protein intake on an established oral tolerance to ovalbumin (OVA), a food antigen, and to compare them with those fed with a normal diet as a control.
MATERIALS AND METHODS
Animals, diets and husbandry. Specific pathogen free BALB/c mice at 6 wk of age, weighing 15-20 g were purchased (Japan SLC, Inc., Shizuoka, Japan) and fed on an ordinary commercial diet (Oriental Yeast Co. Ltd., Tokyo, Japan) for 1 wk. They were randomly divided into three groups receiving a low protein (5%, LP), normal protein (20%, NP), or high protein (40%, HP) diet. The mice in each group were further subdivided into tolerant (OVA-fed) and non-tolerant (Water-fed) groups. All the diets containing casein, as source for protein (% of w/w), were made into a dough with half of its weight in water. As shown in Table 1 , the diets were adjusted to be isocaloric despite their various amounts of protein content. The mice were housed in a room maintained at 22 Ϯ 2˚C on a 12 h light/dark cycle from 8.00 a.m. to 8.00 p.m. and were allowed free access to the experimental diet. Every 2nd day, at a set time, food intake and body weight of mice were measured, and food and water renewed. This study was approved by the Animal Research Ethics Committee at The University of Tokushima, Japan.
Induction of oral tolerance and immunization. At 3 wk after starting the experimental diet, some mice were given orally for four consecutive days 5 mg of OVA (5 ϫ crystallized, Seikagaku Corp., Tokyo, Japan) dissolved in 0.5 mL of sterile distilled water by means of a plastic gavage needle. The other animals, belonging to the Water-fed subgroup of each dietary group, were treated in the same manner except for OVA. Four days after the last feeding, mice were immunized twice at a 3-wk interval with 100 g of alum-precipitated OVA dissolved in phosphate-buffered saline (PBS).
Preparation of blood serum. Mice were anesthetized with diethyl ether in a jar. Blood was collected from inferior vena cava and sera were prepared after centrifugation and kept at Ϫ 70˚C until used.
Measurement of total IgE in serum. Total IgE was examined by an ELISA method as previously described ( 15 ) . Briefly microtiter plates (Greiner Labortechnik, Gmbh) were coated with rat antimouse IgE monoclonal antibody (Yamasa Corporation, Chiba, Japan) diluted in carbonate buffer (50 m M , pH 9.6) and then incubated overnight at 4˚C. To block non-specific binding sites, the wells were treated at room temperature with 300 L of 3% (w/v) BSA dissolved in Tris-HCl buffer (25 m M , pH 7.4) containing 0.14 M NaCl, 5 m M KCl. The plates were washed four times with PBS containing 0.05% Tween 20 (PBS-T). Then, ten-fold diluted serum samples and serially diluted antidinitrophenyl monoclonal mouse IgE were added to the wells for further incubation at 4˚C for 2 h. The plates were washed four times with the washing buffer before addition of 100 L of 1/ 1,000 diluted biotinylated rat monoclonal anti-mouse IgE antibody (Yamasa Corporation) and incubated for 1 h at 4˚C. They were washed five times with the buffer and then reacted with avidin-HRP at room temperature for 1 h. The plates were again washed seven times, and then color development was performed after addition of TMBZ solution as a substrate. The reaction was stopped using 1 M H 3 PO 4 and results were read at 450 nm using an ELISA reader (Bio-Rad Laboratories, Inc., USA).
Measurement of OVA specific IgE in serum. IgE antibody levels against OVA were determined by an indirect ELISA method as described previously ( 15 ) . Briefly, OVA was dissolved at a concentration of 100 g/mL in 50 m M carbonate buffer, pH 9.6, and 100 L of this was applied to each well of plates (Greiner Labortechnik, Gmbh). The microplate wells were incubated first for 30 min at room temperature with shaking and subsequently overnight at 4˚C. To block the remaining binding sites on the well surface, the wells were treated at room temperature for 2 h with 300 L of 3% (w/v) BSA leopeptin, and incubated for 2 h. They were washed again in a similar way before addition of 100 L of biotinylated rat anti-mouse IgE monoclonal antibodies (Yamasa Corporation) diluted 1:1,000. After incubation for 90 min at room temperature, the wells were washed and treated with 100 L of avidin-HRP for 1 h. The wells were finally washed seven times and supplemented with 100 L of a solution of TMBZ as the substrate of HRP, and the color was allowed to develop for 30 min at room temperature. The reaction was stopped by adding 50 L of 1.0 M H 2 SO 4 , and absorbance (OD) was read at 450 nm using the microplate reader.
Cytokine production. Spleens were removed 1 wk after the second i.p. immunization with alum-precipitated OVA. After being anesthetized, mice were killed and cell suspensions were prepared as described by Zhang and Petro ( 18 ) with some modifications. Briefly, spleens were aseptically removed and positioned in a sterile petri dish with 15 mL of RPMI-1640 (Sigma) medium containing antibiotic-antimycotic (GIBCO BRL Life) at room temperature. Spleens were minced with a sterile syringe in a dish containing culture medium and the resulting suspension was then transferred to a sterile centrifuge tube. Erythrocytes in the spleen cell suspensions were lyzed by incubation in 0.83% NH 4 Cl in Tris-HCl (pH 7.4).
Aliquots (5 ϫ 10 6 cells/well) of the spleen cell suspensions in RPMI-1640 medium containing antibioticantimycotic, 25 m M HEPES, 5 ϫ 10 Ϫ 5 M 2-mercaptoethanol, 10% heat inactivated fetal bovine serum were dispensed into 24-well culture plates. They were then stimulated with 100 g/mL of OVA at 37˚C in a CO 2 incubator under an atmosphere of 5% CO 2 . After 72 h incubation, supernatants of three cultures from each mouse were collected by centrifugation at 400 ϫ g for 5 min and were combined for analysis of interleukin (IL)-4, interferon (IFN)-␥ , and IL-12 by ELISA.
Cytokine measurements in culture supernatants. The levels of IL-4, IFN-␥ and IL-12 in the culture supernatants of splenocytes were measured following the conventional method. Briefly, 96-well microtiter plates (Nunc Maxisorp) were coated with 100 L/well of antimouse IL-4, IFN-␥ and IL-12 monoclonal antibody (eBioscience, USA) and incubated overnight at 4˚C. The immunoplate wells were washed four times with PBS-T. Nonspecific binding sites were blocked by treatment with 200 L of special buffer following the manufacturer's instruction. After three washings with PBS-T, they were then incubated for 90 min at 4˚C with samples of culture supernatants. For standard curves, the plates were incubated in the same way with serial dilutions following manufacturer's recommendations. The wells were washed five times with PBS-T and then incubated at room temperature for 1.5 h with biotinylated antimouse IL-4, IFN-␥ and monoclonal IL-12 antibody.
The plates were washed and incubated for 30 min with avidin-HRP. Finally, after seven washings with the washing buffer, a TMBZ substrate was added and the reaction was stopped. The results were read at 450 nm using the ELISA reader.
Lymphocyte proliferation assay. Spleens were removed 1 wk after the second i.p. immunization. After being anesthetized, mice were sacrificed and cell suspensions were prepared as described above. Cells were washed three times with RPMI-1640 medium and then re-suspended to provide 2.5 ϫ 10 6 cells/mL in RPMI-1640 medium containing antibiotic-antimycotic, 25 m M HEPES, 5 ϫ 10 Ϫ5 M 2-mercaptoethanol and 10% heat inactivated fetal bovine serum (Flow Laboratories Inc, McLean, VA, USA). Cells (5ϫ10 5 cells/well) were cultured in triplicate wells for 96 h in the medium with 5 g/mL of concanavalin A (Con A), 10 g/mL lipopolysaccharide (LPS) or 100 g/mL OVA, and incubated at 37˚C in a humidified atmosphere of 5% CO2. For the last 17 h of the culture period, the cells were exposed to 2 
RESULTS

Food intake and body weight
Food intake and body weight of mice were affected by dietary protein content. As shown in Table 2 , mice receiving the LP diet showed significantly higher food intake as compared to the NP and HP diet (pϽ0.001). Analysis of the initial and final body weight showed an average gain of 1.42Ϯ0.54 g in the HP group when compared to 0.77Ϯ0.076 g observed in the control (pϽ0.001). Mice fed with the LP diet failed to gain weight and they started to lose weight after the second immunization with OVA.
Total and OVA-specific IgE in serum
To determine whether oral tolerance to OVA could be modulated by the amount of protein intake, sera of mice maintained on three protein diets were collected 1 wk after the second immunization and analyzed for total and OVA-specific IgE. As shown in Fig. 1A , oral feeding with OVA resulted in statistically significant suppression of total IgE in all dietary groups as compared to the corresponding Water-fed groups (pϽ0.01). When Waterfed experimental mice were compared, the levels of total IgE did not show any difference. But, OVA-fed animals maintained on the HP diet displayed a higher titer of total IgE compared to the NP and LP groups (pϽ0.05). As shown in Fig. 1B , OVA-specific IgE was suppressed by OVA feeding in animals kept in the LP and HP (pϽ0.05) but not in the NP group. However, it should be mentioned that significant suppression of OVA-specific IgE in all OVA-fed groups was observed when several dilutions of serum samples were assayed for the antibody (data not shown). Tolerant mice showed proportional increases in OVA-specific IgE antibody titers with increasing protein in the diet. OVA feeding resulted in significantly higher titers of OVA-specific IgE in HP fed mice compared to both the NP and HP groups (pϽ0.05). OVA-specific IgE was also significantly lower in the LP-fed tolerant animals as compared to those fed with the NP diet (pϽ0.05). Among the Water-fed groups, titers of OVA-specific IgE were found to be significantly higher in the HP than those in the LP group (pϽ0.05).
Cytokine production from splenocytes
Among many cytokines, IL-4 and IFN-␥ have potent effects on B cells switching to IgE antibody production. Thus, we assessed the production of these two cytokines from splenocytes after stimulation with OVA. As shown in Fig. 2A , a lower production of IL-4 was detected in OVA-fed mice receiving the LP diet as compared to those of the NP (pϽ0.05) and HP (pϽ0.05) groups. Water-fed mice kept on the HP diet displayed a higher production of IL-4 as compared to those in the LP and NP dietary groups but the difference was significant only with the former (pϽ0.05). In contrast, as shown in Fig. 2B , OVAfed mice showed higher titers of IFN-␥ in the LP group compared to the HP group (pϽ0.05). OVA-fed mice receiving the NP diet had an intermediate level of IFN-␥ among the three groups, although the difference was not significant. Water-fed mice receiving the NP diet had higher titers of IFN-␥ as compared to both LP and HP groups (pϽ0.05).
IL-12 is an important cytokine involved in the regulation of cell-mediated immunity and induction of Th1 differentiation (19) . Its signaling is also essential for induction of optimal levels of IFN-␥. In an attempt to investigate the possible role of IL-12 in IgE tolerance in association with dietary protein, we next examined the cytokine in the culture supernatants when splenocytes were stimulated with OVA using ELISA. As shown in Fig. 2C , feeding with a HP diet resulted in higher production of IL-12 as compared to the NP group (pϽ0.05) in Water-fed mice. But, no remarkable change in the production of the cytokine was observed by OVA feeding in any of the experimental groups.
Lymphocyte proliferation assay
To determine the effect of dietary protein, with or without an induced tolerance, on T cell-specific responses, we stimulated splenocytes of mice taken from the LP, NP, and HP diet groups with OVA and assayed for 3 H-thymidine incorporation. As shown in Fig. 3A , OVA feeding resulted in a lower proliferation against OVA as compared to the corresponding Water-fed groups. The difference in the proliferation was statistically significant within the LP, NP and HP groups (pϽ0.05). The tolerant animals maintained on either the LP or HP diet also showed substantially lower proliferation as compared to NP (pϽ0.01). There was no remarkable change in proliferative response to OVA by splenocytes among the Water-fed groups. Stimulation of splenocytes with Con A and LPS was performed to investigate the effect of dietary protein status on lymphocyte proliferation in both OVA-fed and Water-fed groups. As shown in Fig. 3B , regardless of the amount of dietary protein, induction of tolerance was associated with significant impairment in proliferation as compared to the corresponding Water-fed groups (pϽ0.05). Besides, OVA-fed mice maintained on the LP diet showed a significantly lower proliferation in response to Con A as compared to the NP animal group (pϽ0.05). The proliferative response did not show a remarkable difference in animals fed with the HP diet in comparison to the two other groups.
When tested to LPS, both in tolerant and non-tolerant animals, lymphocyte proliferation tended to show a proportional increase to the increasing amount of protein in the diet (Fig. 3C) . Both OVA-fed and Water-fed mice receiving the HP diet showed a significantly higher proliferation as compared to LP animals (pϽ0.05). Finally, when the proliferation to LPS among the Waterfed animals was compared, it was significantly lower in the NP group as compared to the HP group (pϽ0.05).
DISCUSSION
It has been shown in animal models that specific immunological oral tolerance can be induced with proteins (20, 21) . In addition, plenty of reports have shown that digested formulas can stimulate the gut immune system towards induction of tolerance in newborns with an elevated risk of allergies (22, 23) . However, there have been only a few reports addressing the effect of nutritional status on oral tolerance (15, 24) and vir- ) were prepared as described in "Materials and Methods." They were incubated in triplicate wells and cultured for 96 h with medium, 100 g/mL OVA (A), 5 g/mL of Con A (B), and 10 g/mL LPS (C) by incubation at 37˚C in a humidified atmosphere of 5% CO2. For the last 17 h of culture period, the cells were exposed to 2 Ci tually no reports addressing the effect of high dietary protein on it.
Food intake was dependent on the level of dietary protein with the greatest food intake in the LP group and the lowest in the HP diet group. In diet selection experiments, it has been demonstrated that young animals were able to match their protein intake closely to their protein requirement and chose the appropriate energy from protein (25) . Thus, it may be reasonable that mice fed the LP diet should eat more than those fed the NP and HP diet to increase their protein intake. However, regardless of the increase in food intake, the total protein intake in mice fed on the LP diet was still lower than that of the other groups. It was reported that, when dietary protein was severely limited, animals still had a higher percentage of body fat as compared to those fed a normal protein diet, in spite of the decrease in the amount of fat (25) . Accordingly, body protein and body water should be affected to a greater degree than body fat by severe limitation of protein in the diet. Their expected decrease in body protein and body water also explains why body weights decreased with low dietary protein, despite the general increase in food intake and body fat. It also explains the weight gain observed with the high protein diet in the present study. This observation was also in a good agreement with the previous report (17) .
A decrease in serum IgE response together with diminished T-cell responses is likely the hallmark of oral tolerance (26) . Among allergic reactions, type I hypersensitivity (IgE mediated allergic reaction) is one of the most prevalent types of food allergies (10) . It has been reported previously from our laboratory that mice fed with a low protein diet were more prone to the induction of oral tolerance to OVA (15) . Using ␤-lactoglobulin, a major allergen in cow's milk, it was latter confirmed that this effect of protein on the induction of tolerance was not limited to OVA (16) . Several factors affect the induction of oral tolerance to a dietary antigen. The dose and nature of antigen, and strain and age of animals are among the most influential ones. The protocol used for the induction of oral tolerance in the current study is identical with that used in previous publications from our laboratory showing antigen specificity for the immune responses including OVA-specific IgE antibody (15, 16) . Judging from levels of OVA-specific IgE, mice fed with the NP diet were relatively resistant to induction of the oral tolerance to OVA which agrees with our previous report (15) . Our results, also, indicate that higher levels of dietary protein modulate negatively an established oral tolerance by augmenting IgE levels which are normally induced after OVA feeding. It is likely that in animals fed with the LP diet down-regulation of Th2-dependent responses might have occurred after OVA feeding, while the reverse might hold true with the HP diet. Taken together, based on the observations it is speculated that antigen-primed animals on the diet with HP content are prone to greater IgE responses which likely predispose them to IgE mediated allergic disorders.
Regarding the regulatory mechanisms of IgE secretion, early studies have reported that elevated IL-4 and reduced IFN-␥ production are associated with elevated serum IgE levels (27, 28) . The cytokines, therefore, play an important role in tolerance mechanisms, especially those involving active cellular regulation (29) . The Th1 cytokine, IFN-␥, is well documented for antagonistic effects on IL-4-mediated activities and, therefore, negatively regulates IgE production. Both cytokines greatly affect Th1 and Th2 lymphocyte functions (30) . It has also been well documented that shifting the Th1/Th2 balance to Th2 dominance is associated with allergic diseases (31) . In the present study, these two cytokines were significantly different in tolerant (OVA-fed) mice receiving varying amounts of dietary protein compared with non-tolerant (Water-fed) animals. Although OVA feeding had no remarkable effect on the production of IL-4 in animals fed with either the NP or HP diet, significant suppression of the cytokine was observed for protein restriction. On the other hand, while production of IFN-␥ was moderately augmented after induction of tolerance in mice fed with the LP diet, it was significantly suppressed in those fed with either the NP or LP diets. These suggest that regulatory cells might be generated during tolerance induction and indicate that the LP diet induces a higher IFN-␥, which in turn regulates Th2 functions downwards and subsequently results in a low IL-4. A low IL-4 may also directly induce a low IgE production. Nevertheless, the animals with excess intake of protein showed reduced production of IFN-␥ and IgE. IL-12 is also known to be important in IgE production directing undifferentiated T cells towards Th1 polarization (32) . Despite the observed modulation of IL-4 and IFN-␥, production of IL-12 was not affected by the amount of dietary protein in the present study except in Water-fed mice maintained on the HP diet as compared to the NP diet. It is worthy of note that the functional IL-12-dependent IFN-␥ signaling pathway does not play an important role in the induction of oral tolerance and IFN-␥ can be induced independently of IL-12 (33) .
The pattern of lymphocyte proliferation in response to Con A and LPS seems to be due to both specific (16) and bystander suppression of lymphocyte activity by oral administration of the antigen. Despite the fact that proliferative response to OVA was not remarkably affected in non-tolerant (Water-fed) animals, it was significantly impaired in tolerant (OVA-fed) mice receiving both LP and HP diets. We speculated that the LP or HP diet might have contributed to suppression of a more profound Th2 or Th1 response, respectively. This hypothesis was further confirmed by our observation in the present study of a down-regulated Th1 and up-regulated Th2 immune response in animals fed with HP and LP diets, respectively. Therefore, the reduced OVAspecific proliferation in tolerant mice fed with the two diets is likely mediated by a defect in the development of a proper T-cell response. It is crucial to underline that OVA feeding resulted in general impairment of lymphocyte proliferation to both Con A and LPS. Yet, a rela-tively higher and lower proliferative response of the splenocytes to LPS and Con A in mice fed with HP as compared to NP groups may indicate a facilitator effect of the HP diet on the proliferation of B lymphocytes rather than T lymphocytes.
The HP and LP diets were set up to see an association with the overall protein intake in developed and developing countries, respectively, although the actual protein intake in both countries seems to range usually between the two extremes. Our findings on impeding and promoting effects of high and low protein diet on the induction of oral tolerance help to understand more the relation of IgE-mediated food allergies and dietary protein intake. Moreover, it should be considered that the low prevalence of allergic diseases in developing countries has been reported to be associated with the high prevalence of parasitic infections (13) .
In summary, the effect of a high and low protein diet on established oral tolerance to OVA was examined. We observed that an established oral tolerance to OVA can be modulated by the amount of diet protein. In addition, the current study has also demonstrated, for the first time, that overintake of protein resulted in Th2 dominance in an established model of tolerance. The findings may also demonstrate that protein recommendations need to be re-evaluated from immunological points of view as well as their possible relation with lifestyle-related diseases. Further studies are warranted for detailed epidemiological investigation into differences among different populations with over-or underintake of protein in association with allergy and infection.
